Abstract. In order to achieve the two-dimensional (2-D) velocity measurement of a flow field at extreme condition, a 2-D interferometric Rayleigh scattering (IRS) velocimetry using a multibeam probe laser was developed. The method using a multibeam probe laser can record the reference interference signal and the flow interference signal simultaneously. What is more, this method can solve the problem of signal overlap using the laser sheet detection method. The 2-D IRS measurement system was set up with a multibeam probe laser, aspherical lens collection optics, and a solid Fabry-Perot etalon. A multibeam probe laser with 0.5-mm intervals was formed by collimating a laser sheet passing through a cylindrical microlens arrays. The aspherical lens was used to enhance the intensity of the Rayleigh scattering signal. The 2-D velocity field results of a Mach 1.5 air flow were obtained. The velocity in the flow center is about 450 m∕s. The reconstructed results fit well with the characteristic of flow, which indicate the validity of this technique.
Introduction
With the advantages of nonintrusive, on-beam, good temporal and spatial resolution and visualization, the laser diagnostic technique [1] [2] [3] [4] continues to be a primary tool for the understanding of fluid dynamics and combustion physics. The laser-based velocity measurement technique is one of the important branches. Recent two-dimensional (2-D) velocity measurement techniques without seeding particles have caught attention. The main reason is that commercially available velocity measurement techniques like laser-Doppler velocimetry 5 and particle image velocimetry 6 require the use of seed particles, the use of seed particles would bring new problems, such as window contamination, thermostability, and following performance in high temperature turbulent flows. The problem of 2-D velocity measurements without seeding particles becomes one of future laser diagnostic challenges.
The Rayleigh scattering technique would be expected to become one of the ways to solve this problem. The Rayleigh scattering technique depends on the elastic scattering of light from flow molecules, without seed particles. Through detecting the Doppler frequency shift of molecular Rayleigh scattering with a Fabry-Perot etalon, the velocity of flow can be measured. Because of the adoption of the multibeam interference effect, this kind of velocity measurement technique is called interferometric Rayleigh scattering (IRS) velocimetry. 7 An IRS velocimetry using an air-spaced etalon was first demonstrated to analyze the parameters of flow as a pointwise measurement technique in the 90s of the last century by Seasholtz. 8 In the current study, a solid etalon in static imaging mode was used by Mielke et al., 9 which has advantages in harsh conditions and environments. Because the solid etalon and image detector can be located close to the measurement region, the more measurement points can be recorded. But then, most of the work is focused on the measurements of single-beam multipoint information. 10 In order to achieve the 2-D velocity measurement, a 2-D IRS velocimetry, which uses a laser sheet as the probe laser, was developed by Seasholtz. 11 Because the velocity was calculated from the change of phase, a reference image of unshifted reference laser light was first recorded to analyze the interferometer finesse and phase. A method of separately recording the reference interference signal and flow interference signal was used by Seasholtz, but this method is not suitable for measurement at extreme condition. The main reason is that the performance of the etalon is greatly influenced by the environment. For example, the change of ambient temperature can cause the movement of the interference fringes, which leads to an increase in the measurement error and even the failure of the velocity. 12 Aiming at this problem, a method of simultaneously recording the reference interference signal and flow interference signal is needed. But the detection method of a laser sheet can result in the overlap of the reference interference signal and flow interference signal, which causes identification difficulty. In this paper, a 2-D IRS velocimetry using a multibeam probe laser is described. A multibeam probe laser was formed by collimating a laser sheet passing through a cylindrical microlens arrays. Laser intensity in the probe area is enhanced by focusing each laser beam. After passing the etalon, the interference image carrying the information of flow field is formed at the multibeam laser probe, and a reference laser interference fringe with no frequency shift would be formed at the intervals of the multibeam laser probe. Then, the reference interference signal and flow interference signal could be recorded simultaneously.
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Working Principle
The working principle of the Fabry-Perot interferometer in static imaging mode is shown in Fig. 1 . While the incident light ray θ is varied by imaging points off-axis, the etalon is said to be operated in the static imaging mode. Due to the multibeam interference effect, an interference image containing spectral information would be formed. The interference image would be a series of rings when the probe laser is an extended light source, while a series of elliptical peaks would be formed when the object is a beam line, as shown in Fig. 1 . According to the corresponding relationship between object and image, each elliptical peak contains the spectral information of the corresponding probe volume region. If the incident light has a very narrow line width, the imaged intensity pattern is a delta function convolved with the Fabry-Perot instrument function defined as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 3 9 9 I FP ¼
where F R is the etalon finesse,
is the fringe forming lens focal length, r is the radial position in the image plane, λ is the illumination wavelength, R is the reflectivity of solid etalon coatings, μ is the refractive index, and d is solid etalon thickness.
When spectrally broadened light, such as Rayleigh scattered light, passes the solid etalon, the spectrum of the light is convolved with the Fabry-Perot instrument function. Then, the interference image contains the flow information. The interference fringe location is radially shifted and broadened by an amount related to the frequency shift and spectral shape of the scattered light. In order to detect the frequency shift, a reference image of unshifted laser light is needed. Usually, the unshifted laser lights are shaped as an extended light source. In order to simultaneously record the reference interference signal and flow interference signal, the reference light would be combined with the flow signal light by a beam combiner before passing the etalon.
The spectrum can be measured over a spatial region that includes part of an interference fringe, as shown in Fig. 2 . In order to convert the interference image shown in Fig. 2(a) into a spectrum, as shown in Fig. 2(b) , the linearization of the concentric interference images is required. When the probe laser is a beam line, the center of the interference images is easy to determine through measuring the rings formed by the reference laser signal. But when the probe laser is an extended light source, such as a laser sheet, it is difficult to distinguish the interference rings formed by the reference laser signal or flow Rayleigh scattering signal, respectively. Replacing the laser sheet with a multibeam laser, interference rings of the zero frequency shift reference laser will be formed at the intervals of the multibeam laser probe and easy to distinguish.
The results of measurement are spatially averaged over the regions shown in the Fig. 2(a) black dashed frame. After measuring the central position of each peak, as shown in Fig. 2(b) , the Doppler frequency shift can be calculated as follows:
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where FSR is the free-spectral range, f L is the effective focal length of fringe forming lens, r 1 or r 2 is fringe radius of the reference laser light at points above and below the probe beam, and r 3 is the fringe radius of the Rayleigh scattering light. But, in most cases, the central position of the peak is difficult to measure directly and the nonlinear least squares fitting method 13 is used to extract this information from the spectrum. A theoretical spectrum curve simulated with initial coefficients of frequency shift and irradiance intensity, and so on, would be compared with the measurement spectrum curve through optimizing these coefficients. Before fitting the spectrum, the interferometer finesse and phase must be known, which can be determined from the reference ring of Fig. 1 The working principle of Fabry-Perot interferometer. the unshifted laser light. The reference image of the flow Rayleigh scattering signal could be analyzed at each subregion using the finesse and phase obtained from the reference image.
The relation of the Doppler frequency shifts Δν and velocity component υ is defined as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 6 3 ; 4 5 1 Δν ¼
where δ is the angle between the velocity component υ and interaction wave vector (k s − k 0 ), and α is the angle between k s and k 0 . After measurement results of the velocity at each subregion are obtained, the velocity field could be reconstructed through a 2-D cubic interpolation method.
Experiment
The optical setup of a 2-D IRS measurement system is illustrated in Fig. 3 . An injection seeded frequency-doubled Nd: YAG laser with the pulse energy 100 mJ, pulse duration 10 ns, and linewidth 0.005 cm −1 is used in the system. The polarization of the laser beam was changed by a half-wavelength plate. The laser beam is split into two beams. About 4% of the laser energy is used as a reference laser. The reference laser was passed through a diffuser and an extended reference light source was formed. The reference light would be combined with the flow signal light by a beam combiner and used as a reference signal to determine phase change by postprocessing. A cylindrical lens and a cylindrical microlens array are used to form a multibeam laser with 0.5-mm interval and then the vertically polarized multibeam laser beam with the wave vector k 0 is focused in a small region at the measuring location, as shown in the The space intervals of fringes are uniform, and the space interval of the fringe in the center is bigger-that is, about 75 pixels window size in processing. The spatial resolution in the experiment is about 0.5 mm in height and better than 0.3 mm in length.
Experiments were carried out in a small-scale Mach 1.5 jet facility in order to validate the technique in a noisy environment. Figure 4 shows the schematic of measurement locations.
Results and Discussion
The typical multibeam interference image of flow is shown in Fig. 5 . The image processing method consists of the linearization of the concentric interference images and the subsequent fitting analysis.
The important variable is the center of the interference images. A template matching method 14 is used here, which takes advantage of the known geometry of interference images to achieve a better accuracy. The interference image is mapped by reading it in the r-h plane, where r is the radius from the center and h is the perpendicular height of the image, using the original ðr; hÞ coordinate as the new ðx; yÞ coordinate. The transformed image is shown in Fig. 6 .
The transformed image, as shown in Fig. 6 , can be processed by binning the lines in a single average spectrum around a chosen perpendicular height. The least square method was used in the fitting process. A theoretical spectrum curve based on Tenti S6 15 can be simulated. After the results in every point of each line were obtained, the 2-D velocity was reconstructed through 2-D cubic interpolation method. Figure 7 shows the results of the multibeam velocity measurement resolved from the region, as shown in Fig. 6 . The velocity in the flow center is about 450 m∕s. The reconstructed results are in accordance with the characteristic of flow.
According to Eq. (3), the measurement uncertainties can be given by E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 3 2 6 ; 4 9 9
where
, c 2 ¼
. The measurement accuracy of laser wavelength is about 0.056 pme in 532 nm, and the measurement accuracy of angle between k s and k 0 is about 0.1 deg. The corresponding uncertainties are 0.1% and 0.025%, respectively, which are relatively small. The measurement uncertainty of Doppler frequency shifts is the major source of error, which comes from the misalignment degree of the Fabry-Perot interferometer and camera system, measurement error of the interference images center, and the fitting standard deviation. The first two items can be characterized by measuring the verticality of transformed line of the reference light ring. The corresponding uncertainty is about 2.2% in the flow center, and that is about 4.9% in the air mixed layer. The fitting standard deviation is defined as follows: 
where F is the Jacoby matrix of fitting function and S is the residual between fitting function and measured curve. The corresponding uncertainty is about 0.5%. So, the maximum uncertainty of velocity measurement is about 5%.
Conclusion
A 2-D velocity measurement technique using a multibeam probe laser, aspherical lens collection optics, and a solid Fabry-Perot etalon was set up. The measurement of velocity was determined by detecting the frequency shift between the elliptical interference peak of the flow and the ring of the unshifted laser light. A template matching method was used to achieve the center of the interference images. Nonlinear least squares analysis based on a kinetic theory model of Rayleigh scattering was used to obtain the velocity information from the measured spectrum. Biographies for the other authors are not available.
